IMPORTANCE Daily use of inhaled corticosteroids is a widely recommended treatment for mild persistent asthma in children. There is concern that, similar to systemic corticosteroids, inhaled corticosteroids may have adverse effects on bone health. OBJECTIVE To determine whether there is an increased risk of bone fracture associated with inhaled corticosteroid use in children with asthma.
A sthma is a common chronic respiratory disease, with onset usually occurring during childhood or adolescence. 1 Inhaled corticosteroids (ICSs) are considered the gold-standard treatment for long-term management of mild persistent asthma in children. 2 Inhaled corticosteroids are recommended as a daily treatment, administered through an inhaler, and prescribed at the lowest effective dose to reduce the risk of adverse effects. 3, 4 Research suggests that
ICSs may have adverse effects on skeletal growth and development. [5] [6] [7] Corticosteroids directly interfere with osteoclast and osteoblast functioning, resulting in decreased bone formation, increased resorption, and bone calcium loss. 8 This can predispose corticosteroid users to osteoporosis, increasing their risk of bone fracture. 8 Bone health is particularly important during childhood, leaving children with asthma a potentially vulnerable population for fractures. 9 Concerns about the possible adverse effects of ICSs may also result in poor medication adherence, leading to more frequent and severe asthma exacerbations. 4 Few studies have quantified the association between ICS use and fracture risk in children with asthma. [5] [6] [7] 10 A systematic review and meta-analysis reported a lack of convincing evidence for an association; however, the authors were only able to pool the results of 2 studies, which had inconsistent results. 4, 7, 10 A study in the United Kingdom in 2004 7 compared fracture risk in children receiving different types of corticosteroids and found a greater risk of fracture in the ICS group, compared with the nonsystemic corticosteroid group (topical, nasal, or ophthalmic corticosteroids). Conversely, another United Kingdom study in 2004 10 did not find a significant association between fractures and current use of ICSs in children. Studies on the association between ICS use and reduced bone mineral density, a risk factor for fracture, also present conflicting results. [11] [12] [13] [14] Clinical trials showed that regular ICS use resulted in decreased bone mineral density growth after 12 to 18 months, while observational studies showed ICS-associated bone mineral density loss in males only or showed no significant association. 5, [13] [14] [15] Thus, further population-based research is needed to determine if there is an increased risk of fracture with ICS use in children with asthma to provide clarity about the safety of these widely used medications. The primary objective of this study was to determine the association between ICS use and first fracture after asthma diagnosis in children. This was examined in a population of 19 420 children with asthma who were eligible for public drug coverage through the Ontario Drug Benefit Program in Ontario, Canada.
Methods

Study Design and Population
The association between ICS use and fracture risk was investigated using a nested case-control design, with a 1-year lookback period for exposure status. The study cohort, which formed the population for case and control selection, included Ontario children aged 2 to 18 years with a physician diagnosis of asthma between April 1, 2003, and March 31, 2014 . In addition, to be eligible for the study, children had to fill at least 1 prescription through a publicly funded drug plan during their 1-year lookback period. Public drug coverage is available in Ontario through the Ontario Drug Benefit Program for those aged 65 years and older and those registered in social assistance programs (Trillium Benefit, Ontario Works, and Ontario Disability Support Program), along with their dependents. Thus, most eligible children were from low-income families or had high drug costs relative to their family income. Children were excluded from the cohort if they were ever diagnosed with cancer or diabetes mellitus or had ever had an organ transplant. Children were also excluded if they did not have data on age, an Ontario residence code, or a valid Ontario health card number.
Cases were defined as children aged 2 to 18 years who had a bone fracture after asthma diagnosis between April 1, 2003, and March 31, 2015. Cases were matched to controls in a 1:4 ratio, based on year of birth (within 2 years), sex, and age at asthma diagnosis (within 1 year). The index date for the 1-year lookback period was the date of fracture for cases. Controls were given the same index date as their matched case's date of fracture. Controls were all fracture free since asthma diagnosis at the time of matching to cases.
Ethics approval was obtained from the Hospital for Sick Children Research Ethics Board. Individual consent was not required for this study, as only deidentified health administrative records were used. Under Ontario's Personal Health Information Protection Act, the Institute for Clinical Evaluative Sciences has access to health administrative data for research purposes under strict privacy guidelines.
Data Sources
This study used routinely collected health administrative data for Ontario. In Ontario, there is a publicly funded single-payer health care system. Health administrative data were linked using unique encoded identifiers at the Institute for Clinical Evaluative Sciences. Data on emergency department visits were captured through the National Ambulatory Care Reporting System and coded using the International Statistical Classification of Diseases and Related Health Problems, 10th Revision (ICD-10). 16 Data on prescriptions filled were captured through the Ontario Drug Benefit database and specific drugs were identified using their unique Drug Identification Number. Data on patient characteristics, such as age, sex, residence postal code, income, and date of death (if applicable), were captured through the Provincial Registered Persons Database.
Key Points
Question Is use of inhaled corticosteroids associated with an increased risk of bone fracture in children with asthma?
Findings In this population-based nested case-control study, no significant associations between current, recent, or past use of inhaled corticosteroids and first fracture after asthma diagnosis were observed in children with asthma, controlling for age, sex, age at asthma diagnosis, sociodemographic factors, and systemic corticosteroid use.
Meaning Use of inhaled corticosteroids for the treatment of pediatric asthma should not be limited based on fear of fracture.
Date of asthma diagnosis was captured through the Ontario Asthma Surveillance Information System. The Ontario Asthma Surveillance Information System contains a cohort of Ontario residents aged 0 to 99 years with a physician diagnosis of asthma between April 1, 1996, and March 31, 2014, based on the administrative case definition at least 1 hospitalization for asthma ever or 2 or more outpatient visits for asthma in 2 consecutive years. This definition has been validated in Ontario children, with a sensitivity of 91.4% and a specificity of 82.9%. 17 Children with cancer or diabetes were identified using the Ontario Cancer Registry and the Ontario Diabetes Database, respectively. Children with a history of organ transplant were identified by their health care utilization for organ transplant in health administrative databases using ICD-10 codes (eTable in the Supplement).
Exposure and Outcome Definitions
The primary outcome was fracture, defined as the first emergency department visit for fracture after asthma diagnosis, identified using ICD-10 codes (eTable in the Supplement). Any type of bone fracture was considered as an outcome. For the primary exposure, cases and controls were defined as current users if they received a prescription for an ICS medication 0 to 90 days prior to their index date, recent users if they received a prescription 91 to 180 days prior to their index date, past users if they received a prescription 181 to 365 days prior to their index date, or no use if they had no record of any ICS prescriptions during the year prior to their index date. Secondarily, ICS use was also examined as a binary variable (yes or no), as the number of ICS prescriptions filled in the year prior to their index date (0, 1, 2, or ≥3 prescriptions), and as the estimated daily dose of the most recent fluticasone propionate prescription (or equivalent dose) filled in the year prior to their index date (none, low, moderate, or high dose).
18,19
Covariates Covariates hypothesized to confound the association of interest were derived from literature review. Socioeconomic status was measured by proxy, using the Ontario Marginalization Index. The Ontario Marginalization Index provided a measure of marginalization at the population level based on census information using 4 dimensions: material deprivation, residential instability, dependency, and ethnic concentration. 20 Based on each participant's residence postal code, he or she was assigned a score from 1 (least marginalized) to 5 (most marginalized) for each dimension. 20 Residence was considered rural if the individual resided in a community with a population of 10 000 people or fewer, or urban if the opposite was true. Geographical differences in health care delivery were captured based on participants' residence in one of the 14 Local Health Integration Networks in Ontario. Individuals' income was measured by proxy using neighborhood-level income in quintiles. Each income quintile represented the distribution of income based on census dissemination area, with people in the lowest 20% falling into quintile 1, and the highest 20% falling into quintile 5. 21 Systemic corticosteroid use (oral or intramuscular) was measured as the number of prescriptions filled during the lookback period (0, 1, or ≥2 prescriptions), and the estimated daily dose of the most recent prednisone prescription (or equivalent dose) filled during the lookback period (none, low, moderate, or high dose). 19, 22 A "missing" category was included for any variable missing data for more than 5 individuals; otherwise, participants with missing data were excluded.
Statistical Analysis
Statistical differences in baseline characteristics between cases and controls were examined using t tests for continuous variables and χ 2 tests for categorical variables. A 2-tailed P <.05
was considered statistically significant for all analyses. Conditional logistic regression was used in univariable and multivariable analyses to account for the matched design. 23 Conditional logistic regression takes each 1:4 case-control match as a stratum and produces regression coefficients for the independent variables that vary within the stratum. 23 The unadjusted and adjusted odds ratios (ORs) for first fracture after asthma diagnosis based on ICS medication use during the lookback period served as the primary measures of effect. A forward model building approach was used to construct the multivariable model. 24 Models were further stratified by sex and age group as subgroup analyses, decided a priori based on biological rationale. 25 Forest plots were used to compare adjusted ORs with 95% confidence intervals across the population subgroups. All statistical analyses were conducted using SAS software version 9.3 (SAS Institute Inc), and forest plots were generated using the forestplot package in R statistical computing software version 3.3.3 (R Foundation). After excluding children with chronic conditions, missing data, and ineligibility for public drug coverage during the 1-year lookback period, 3884 cases were eligible to be matched to controls. After applying the same exclusion criteria to controls, 4 controls from a pool of the remaining 351 941 children were randomly assigned to each case, matching on the aforementioned criteria. This resulted in a control sample size of 15 536 children and a total sample size of 19 420 children. The population was 61.0% male, and approximately 67.4% met the definition for physician-diagnosed asthma when they were aged 5 years or younger ( Table 1 ). The majority of the population (approximately 61.0%) had their first fracture after asthma diagnosis when they were younger than 10 years. Cases and controls were both largely from areas of the lowest income quintile (1728 egory of estimated prednisone daily dose or equivalent was associated with a 41% increase in odds of fracture (OR, 1.41; 95% CI, 1.14-1.76), compared with no use, while lower doses were not significantly associated. No significant associations were observed between ICS use and odds of fracture within male and female subpopulations (Figure 1) , or within age-at-index-date subgroups (Figure 2) . In girls, filling 1 prescription for a systemic corticosteroid was associated with 25% greater odds of fracture (OR, 1.25; 95% CI, 1.02-1.52), compared with no prescription. This effect was smaller in magnitude in boys and was not statistically significant. Filling 1 systemic corticosteroid prescription, compared with none, was associated with a 66% increase in odds of fracture in children aged 10 to 13 years (OR, 1.66; 95% CI, 1.26-2.20). Filling 2 or more systemic corticosteroid prescriptions (not shown) was not associated with any statistically significant effects in any age groups.
Discussion
This population-based study of children with asthma did not show statistically significant associations between cases of first fracture after asthma diagnosis and use of ICSs. Odds of fracture were not statistically increased for children receiving ICSs near the time of fracture, for children with frequent ICS use in the 1-year lookback period (≥3 prescriptions), or for children with a higher estimated ICS daily dose, compared with children with no recorded ICS use. However, odds of fracture were significantly higher for children who filled 1 prescription for a systemic corticosteroid in the 1-year lookback period compared with those who did not. There was also evidence of a potential dose effect of systemic corticosteroids, as only those children in the highest dose category had increased odds of fracture compared with no use.
These results are fairly consistent with the limited published pediatric literature. Schlienger et al 10 reported no significant association between first episode of fracture and current ICS use among children aged 5 to 17 years using a similar nested casecontrol design. When incorporating systemic corticosteroid use, they reported an OR close to significance (OR, 1.21; 95% CI, 0.99-1.49). 10 Similarly, a small prospective cohort study of children with asthma aged 5 to 12 years at baseline found no association between inhaled or oral corticosteroid use and fracture. 5 However, that study was limited by the small number of fractures within their population during the study period. The largest prospective study to date on ICSs and fracture in children aged 4 to 17 years found an 18% increased risk of fracture for children who received ICSs compared with those who used other nonsystemic corticosteroids. 7 The authors attributed this effect primarily to severity of disease, as opposed to medication use, because the same association was seen in children who used bronchodilators, and the dose-response effects of ICSs disappeared after adjustment for disease severity. 7 The authors hypothesized that greater disease severity would reduce a child's physical activity level, decreasing bone strength and predisposing a child for fracture. 7 However, they were unable to determine this from their study data alone. 7 In the current study, use of systemic corticosteroids could also be seen as a measure of asthma severity. We excluded some conditions that might require use of systemic corticosteroids (cancer and organ transplant); thus, a large proportion of the systemic corticosteroid use in our population is likely attributable to asthma exacerbations. Therefore, some of the association between systemic corticosteroids and fracture may be attributed to more severe asthma. However, there is also the strong potential that systemic corticosteroids significantly increase the risk of fracture independent of disease severity, as these medications have a much higher circulating bioavailability of corticosteroids than ICSs. 27 There is a moderate body of evidence from adult studies that links high doses of systemic corticosteroids to an increased risk of bone fracture. [28] [29] [30] [31] [32] There is limited research on this topic in pediatric populations; however, one other study has demonstrated an increased risk of fracture with oral corticosteroid use.
33
Our results have further implications when considering the low use of ICSs in our study population of children with asthma. Almost half the children failed to fill a single ICS prescription during the 1-year lookback period, despite having prior physiciandiagnosed asthma. We used an objective measure of pharmacy claims to measure ICS use, which research has indicated is more accurate than self-reports or parental reports of ICS use. 34 Other studies 34-38 using objective measures are consistent with our finding, with average ICS adherence ranging from 51% to 70% among children with asthma. Low adherence to ICSs may lead to poorly controlled asthma, eventually resulting in asthma attacks. 4 Severe asthma attacks may require short-term use of systemic corticosteroids, which are associated with adverse effects.
29,39
Limitations There are several limitations to this study owing to the nature of the databases used. First, we were unable to assess true Models were adjusted for rurality, Ontario Marginalization Index, Local Health Integration Networks, and number of systemic corticosteroid prescriptions. Data are shown for participants aged 2 to 5 years (n = 5847), 6 to 9 years (n = 6120), 10 to 13 years (n = 5049), and 14 to 18 years (n = 2404) at the index date. ICS indicates inhaled corticosteroid.
medication use from pharmacy claims data alone; thus, estimates of daily dose may not correspond to exact doses received by children. Furthermore, because public drug coverage for individuals younger than 65 years is only available through social assistance programs in Ontario, our study population was restricted to those who were eligible for these programs and their dependents. This may limit the generalizability of the findings, especially to populations of moderate to high socioeconomic status because our population was generally of low socioeconomic status. Despite this, there is strong biological rationale for the association between corticosteroids and fracture, and a lack of evidence that different socioeconomic subgroups would experience different effects. 8, 40 Using health administrative data also did not allow for the measurement of individual-level risk factors, such as nutrition (vitamin D and calcium levels), physical activity, and disease severity. However, it allowed for complete participant follow-up, a large sample size, and high power, which was needed to detect an effect on a rare outcome, such as fracture.
Conclusions
This population-based study demonstrated no clinically important association between ICSs and fracture among children with asthma, but did find a significantly increased risk of fracture associated with systemic corticosteroid use. This effect was even larger when analyzing girls only. Clinicians using ICSs to optimize the control of childhood asthma should be reassured by the lack of association with fractures; fear of fracture is not a reason to limit the therapeutic use of ICSs. Furthermore, asthma control with ICSs might decrease the likelihood of asthma exacerbations requiring systemic corticosteroid use, so wider appropriate use of ICSs may potentially lead to a reduced fracture risk. Future research should investigate how severity of asthma may play a role in the risk of fracture, as some of the increased risk associated with systemic corticosteroids may be due to the underlying illness itself.
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